Several theories of hippocampal function have suggested a role for the hippocampus in contextual memory retrieval. However, these theories are based on studies using permanent pretraining lesions, which confound the role of the hippocampus in learning with its role in retrieval. We argue that an alternative methodology is required to assess the role of the hippocampus in memory retrieval processes. This alternative methodology involves temporary inactivation of the hippocampus in Pavlovian paradigms that lend themselves to an examination of retrieval. An example of this approach is considered in a Pavlovian fear-conditioning paradigm. We examined the influence of hippocampal inactivation on the context-specific expression of latent inhibition, a response decrement displayed when excitatory conditioning is preceded by non-reinforced presentations of a to-be-conditioned stimulus. Reversible inactivation of the dorsal hippocampus prior to retrieval testing eliminated the context-specific expression of latent inhibition. The nature of the hippocampal role in retrieval processes is discussed in the light of these data.
Introduction
It has been recognized for decades that the expression of memory depends importantly on the context in which memory is retrieved [69] . For instance, it has been established that memory retrieval is facilitated to the degree that the context of memory retrieval is similar to the context of learning [68] . In many ways, our own day-to-day experiences reinforce this notion. For example, we all know that it is generally much easier to remember the name of a person that you meet while dining at a luxurious restaurant if you re-encounter that individual at the restaurant, as opposed to at the neighborhood grocery. Indeed, it is common to suffer memory lapses when people, places, or things are experienced 'out of context'. This process by which context facilitates memory retrieval is termed contextual memory retrie6al. Contextual memory retrieval operates on many forms of learning and memory, including complex declarative memory in humans (as illustrated above) and simple forms of learning and memory in animals, including Pavlovian conditioning [4, 5] . The present review will focus on the latter form of learning and memory.
Recent work in Pavlovian conditioning paradigms has demonstrated that environmental stimuli not only elicit learned behavioral responses (as in the sound of a metronome eliciting salivation), but also serve as the set of conditions under which certain associative contingencies are valid [68] . A process called occasion setting demonstrates this latter phenomenon [6, 54, 61] . For example, in a serial feature-positive discrimination (a form of positi6e occasion setting), a 'feature' stimulus, such as a tone, precedes a 'target' stimulus (the conditional stimulus or CS), such as a light, only when the target signals an unconditional stimulus (US), such as food or electric shock. Importantly, the feature is not presented on trials in which the US does not follow the target. Hence, the presence or absence of the feature-positive stimulus serves as a 'context' 1 that controls behavior. In other words, the feature 'sets the occasion' for target-US trials [30] . Successful performance of such discriminations is obtained when the feature-positive stimulus retrie6es the CS-US contingency. Thus, occasion setting illustrates the operation of contextual memory retrieval in Pavlovian conditioning paradigms.
In a typical occasion setting experiment, punctate stimuli, such as tones or lights, serve to retrieve the associations necessary for accurate performance. However, it has recently been appreciated that the training context (the static and diffuse environmental stimuli or background cues present during training) can also serve as an occasion setter in Pavlovian conditioning [6, 24] . For example, Bouton [4] has documented many cases in which contextual stimuli select or retrieve the appropriate meanings of the punctate CSs that have previously occurred in that context, and thereby function similarly to the occasion setters described above. This function of context is readily apparent in Pavlovian paradigms in which a given CS has been programmed to have an ambiguous meaning. In these situations, contextual stimuli are used to disambiguate the meaning of the CS and gate appropriate behavioral performance to CSs. This function of context stands in contrast to its role as a CS, in which it can enter into compound associations or configurations with other stimuli as many associative theories would predict 2 . In either case, however, it is clear that contextual stimuli are importantly involved in regulating memory retrieval in Pavlovian conditioning paradigms.
In the last decade, there has been great interest in understanding the neural basis for contextual learning and memory processes. Much of this interested has been focused on the role of the hippocampal system (i.e. the hippocampus, dentate gyrus, subiculum, and entorhinal cortex) in contextual learning [16, 17, 20, 21, 32, 40, 50, 56, 58, 59, 63, 75] . However, relatively few studies have explicitly examined the role of the hippocampus in contextual memory retrieval (for examples see Refs [18, 20, 34] ). A recent synthesis of many lesion studies indicates that the hippocampus does mediate contextual processes in Pavlovian conditioning, however, the precise nature of the contextual processes is unclear [31] . In the present review, we take a modest step in attempting to delineate the role of the hippocampus in contextual retrieval during Pavlovian conditioning. We first review the historical literature concerning the role of the hippocampus in contextual memory retrieval. We then present experiments from our laboratory that characterize hippocampal function in retrieval processes by combining memory retrieval paradigms and temporary brain inactivation techniques. We conclude that the hippocampus permits contextual stimuli to retrieve the appropriate meaning of a CS when that CS has been trained to have more than one meaning.
The hippocampus and contextual memory retrieval
One of the first theories to implicate the hippocampus in contextual retrieval was proposed by Richard Hirsh in a seminal paper published in 1974 [28] . In this paper, Hirsh suggested that the hippocampus used contextual stimuli to label learned information in such a way that the information could later be retrieved in that context [28, 29] . As noted above, Hirsh's notion of 'context' was broader than that used by other investigators examining Pavlovian contextual learning. He believed that contextual stimuli could consist of punctate signals (as in occasion setting), the static and diffuse cues associated with the training or testing environment, or the interoceptive states associated with food or Fig. 1 . Hirsh's memory models. 2 Opinions have differed on how animals use contextual stimuli in a learning situation. Some theorists, such as Wagner [70, 71] , have proposed that contextual stimuli should be viewed as functionally similar to punctate stimuli, and thus should obey the same association principles. Others have suggested that contextual stimuli serve as modulators or 'occasion setters' to allow the disambiguation of stimuli with multiple meanings (e.g. Ref. [4] ). Ultimately, it is likely that context serves both functions.
water deprivation or drugs. In Hirsh's terms, contextual stimuli, ''refer to but are not described within the information [the ambiguous stimulus and its meaning] to be retrieved'' [28] . As shown in Fig. 1 , he illustrated two potential models for information storage in the nervous system. In the 'associative' model, he imagined that information was stored along the 'performance line'. This is similar to most S-R theories of learning (e.g. Ref. [35] ), and was not held to be dependent on hippocampal function. In addition, he elaborated a 'retrieval' model, in which memories were stored off the performance line and gained access to behavior through contextual retrieval processes. This contextual retrieval function was posited to require the hippocampus. From Hirsh's viewpoint, intact rats used contextual encoding and retrieval processes to index or 'label' and recall multiple meanings of a particular set of stimuli according to its associated contextual signal. Rats without a functional hippocampus, on the other hand, do not have access to this indexing function, and instead are confined to using a single meaning for a given set of stimuli. Thus, when there is a discrepancy between a set of stimuli and its associated outcome (e.g. when a CS is suddenly not reinforced in extinction), adjustments in behavior in a hippocampal animal represent the summation of prior and present meanings of the stimulus as a purely S-R theory would predict. In contrast, intact rats can use contextual retrieval cues to rapidly adjust the meaning of a given set of stimuli as demanded by the environment; memory retrieval and behavioral performance occur when the ambiguous stimuli and their contextual retrieval cues co-occur. In other words, memory retrieval is directed by an 'AND gate' that detects the coincidence of a particular stimulus and the context in which it was learned.
For example, rats with hippocampal lesions typically do not have difficulty learning simple, non-conditional discriminations in which a US follows only one of two CSs [20, 34, 62] . When reinforcement contingencies are reversed however, rats with hippocampal lesions take roughly twice as many trials as intact rats to consistently perform according to the new contingencies (e.g. Refs [14, 74] ). Hirsh [28] explained this pattern of results by proposing that intact rats solve the discrimination reversal by applying contextual labels to the different sets of reinforcement contingencies. In contrast, rats with hippocampal lesions cannot use context to disambiguate the meaning of the CSs and therefore experience considerable interference between the two associations. In essence, hippocampal rats perform according to the sum of associative strengths acquired by the cues across all phases of training. As a consequence, Hirsh [28, 29] and others (e.g. Ref. [57] ) have suggested that hippocampal animals perform just as S-R theories of learning would predict.
Hirsh's theory is illustrated by the following experiment [29] . He trained rats on a T-maze in which one arm was baited with food and the other arm was baited with water. In the maze, he used the internal states of either hunger or thirst as discriminative stimuli for the correct response. Not surprisingly, intact rats learned this discrimination quickly, in about 50 trials. In contrast, rats that underwent neonatal irradiation of the hippocampus required nearly threetimes the number of training trials to reach a level of performance comparable to that of controls. In these rats, correct responses under one deprivation state corresponded nearly perfectly to incorrect responses under the other deprivation state. This indicates that rats with hippocampal lesions exhibit a high degree of perseveration towards one arm or the other arm of the T-maze without regard to the available contextual retrieval cues. In other words, hippocampal rats failed to exhibit contextual memory retrieval.
These data are consistent with the findings from a study by Ross and colleagues [62] . These investigators found that hippocampal aspirations in rats disrupted the acquisition of a serial feature-positive discrimination, but did not affect the acquisition of a simple, non-conditional discrimination. In these experiments, rats were trained using an appetitive conditioning procedure. A 5-s presentation of a light served as a feature stimulus that preceded a tone CS (the target) on trials on which the tone was followed by a food US. The light was not illuminated on trials in which the tone was not followed by the food US. The rats were simultaneously trained on a non-conditional discrimination in which an acoustic click (the CS+), but not a white noise (the CS− ), was followed by the US. After training in this procedure, intact rats exhibited two distinct CRs: a rearing CR to the light feature and a head jerk CR to the tone CS; after sufficient training, the head jerk CR was only exhibited on trials preceded by the light feature. Interestingly, rats with hippocampal lesions exhibited a normal rearing CR to the light feature and they learned to discriminate between the click and white noise. Nonetheless, they failed to limit their head jerk CRs to only those trials on which the tone was preceded by the light; in other words, they responded indiscriminately and at a high rate to the tone CS. As Ross and colleagues point out, this pattern of behavior suggests that there are at least two representations of the light feature: a representation of the light as predictor of the food US and a representation of the light that functions as a contextual retrieval cue (or occasion setter). Hippocampal damage appears to selectively disrupt the latter without affecting the former 3 . Winocur and colleagues have also considered the role of the hippocampus in retrieval processes [74] . In their experiments, rats were trained in a simultaneous visual discrimination task in one of two contextually distinct runway apparatuses, and then retrained in the apparatus in which original learning occurred (no-shift condition) or in the other apparatus (shift condition). In each apparatus, the goal box was divided and entry to each compartment was gained through hinged doors on which visual stimuli (vertical or horizontal stripes) were placed. The rats were always reinforced for entering the door with horizontal stripes. However, one apparatus was always run under food deprivation and correct responses were reinforced with a food reward, whereas the other apparatus (which was considerably different in odor, texture, location, and lighting) was always run under water deprivation and correct responses were reinforced with a water reward. Rats with electrolytic hippocampal lesions performed at the same levels as control rats in learning the initial discrimination, and they also exhibited substantial savings when retrained in the same apparatus in the no-shift condition. However, rats with hippocampal lesions faired poorly in the shift condition, and required substantially more trials to achieve criterion performance. An additional experiment indicated that this deficit in performance was not simply as a result of distraction or external inhibition brought on by the novelty of the second test apparatus. Apparently, the absence of familiar contextual cues impaired retrieval of the cue-reward association in hippocampal rats.
Although Winocur and Olds [74] interpreted these data in terms of Hirsh's contextual retrieval theory, it is not necessarily clear why the contextual retrieval theory would predict this outcome. According to Hirsh, rats with hippocampal lesions should have been able to maintain accurate responding to the continuously reinforced visual cue despite the shift in context. That is, the meaning of the visual cues was never ambiguous, therefore contextual labeling was not required for performance of the taskthe horizontal stripes always predicted reward and the vertical stripes never predicted reward. An alternative account of these data is that the contextual stimuli present during training actually overshadowed the visual cues in rats with hippocampal lesions, thereby rendering highly context-specific responding [65] .
More recently, Good and Honey [20, 34] have examined the role of hippocampal function in contextual retrieval using an appetitive Pavlovian procedure. In their first series of experiments, they found that electrolytic hippocampal lesions impaired the acquisition of a contextual conditional discrimination [20] . In this task, the rats received Pavlovian conditioning in two different contexts in which one of two CSs was followed by delivery of a food pellet. The CR consisted of an increased number of magazine entries during the CS+ compared to the pre-CS baseline. Importantly, assignment of the cues as the CS+ and CS− in each context was reversed such that the CS + in one context was the CS − in the alternate context. Hence, the contextual cues served to disambiguate the different meanings of each CS. Consistent with a role for the hippocampus in contextual retrieval, they found that electrolytic hippocampal lesions impaired the acquisition of this discrimination. Whereas intact rats readily learned to respond to each CS+ in a context-specific manner, hippocampal rats did not differentiate between the cues and generally responded at a low rate to the cues. However, hippocampal lesions did not prevent the rats from learning a non-conditional contextual discrimination in which they used contextual cues to discriminate between an environment that had been paired with food USs and another environment that had not been paired with food USs. These results indicate that rats with hippocampal lesions can process contextual cues per se, but are severely impaired in using contextual cues to label and retrieve information about CSs in a context-appropriate manner.
In another series of experiments, Honey and Good [34] examined the influence of excitotoxic hippocampal lesions on latent inhibition, which is characterized by reduced conditional responding to a CS that has a previous history of non-reinforcement [46] . A hallmark of latent inhibition is that it is context-specific. That is, latent inhibition is attenuated if the contexts of CS preexposure and conditioning are different [10, 22, 23, 45] , but can be 'renewed' if rats are tested in the context of CS preexposure following conditioning [7, 13, 76] . Honey and Good [34] used a within-subjects design and preexposed rats to a different CS in each of two different contexts. After the preexposure phase, they conditioned the rats by pairing both CSs with food reward in one of the two contexts. During conditioning, then, only one of the CSs had a history of non-reinforcement in the conditioning context. This CS should not have supported as much conditional responding as the CS that was preexposed in a different context insofar as latent inhibition is context-specific. This is exactly the pattern of results obtained in intact rats -conditional responding was acquired more slowly to the CS that had been preexposed in the conditioning context compared to the CS that had been preexposed outside of the conditioning context. Interestingly, hippocampal rats did not exhibit context-specific latent inhibition. They responded at a low rate to both of the CSs, suggesting that they exhibited latent inhibition to both CSs independent of where the CSs had been preexposed.
Bouton has proposed that the context-specific expression of latent inhibition is the result of contextual retrieval processes [3, 4] . Consistent with this view, Honey and Good [34] have argued that their results exemplify the role of the hippocampus in the retrieval processes illustrated by Hirsh [28, 29] . By their view, rats with hippocampal lesions do not exhibit context-specific latent inhibition because they cannot use contextual labels to disambiguate the meaning of the CS, which has come to predict both non-reinforcement (a CS-'no event' association) and the US (a CS-US association) during different phases of training. Together with another experiment showing that hippocampal rats could acquire latent inhibition per se, Honey and Good [34] concluded that the hippocampus was required for the context-specific expression of latent inhibition.
Permanent hippocampal lesions confound learning and retrieval
The aforementioned studies provide support for a role for the hippocampus in contextual memory retrieval. However, these conclusions are tempered by the fact that all of these studies, with the exception of Ross and colleagues [62] (Experiment 2), used permanent pretraining lesions of the hippocampus. Unfortunately, this lesion methodology is problematic for interpreting the role of the hippocampus in rule-based contextual processes, because permanent pretraining lesions confound conditional learning and contextual retrieval. That is, when deficits in rats with permanent hippocampal lesions are obtained in these paradigms, one cannot be sure if the deficits are as a result of a failure to form conditional associations during training or a failure to retrieve these associations during testing. Therefore, the data linking the hippocampus to contextual retrieval are equivocal until it can be demonstrated that hippocampal disruption has a specific effect on retrieval processes, as opposed to an effect on the conditional learning.
Indeed, the timing of hippocampal lesions with respect to training can be a crucial determinant of the nature and extent of behavioral deficits in a variety of learning tasks. For example, we have recently demonstrated that pretraining and posttraining hippocampal lesions produce very different effects on contextual conditioning in a Pavlovian fear-conditioning task [50] . Specifically, we have found that rats with pretraining excitotoxic lesions of the dorsal hippocampal (DH) acquire contextual fear normally, that is, they exhibit high levels of freezing behavior in a context that has previously been associated with footshock [50] . However, rats that receive DH lesions shortly after fear conditioning exhibit robust impairments in contextual fear conditioning -they exhibit little freezing when returned to the conditioning context. This indicates that the timing of hippocampal lesions in this task is crucial. To explain this pattern of results, we have argued that rats can acquire contextual fear using at least two different strategies [51] . Normally, intact rats use a hippocampus-dependent strategy in which a configural representation of the context is formed and associated with the aversive US. This configural representation is therefore sensitive to posttraining disruptions of the hippocampus. However, rats with hippocampal lesions do not have access to the configural strategy, so they use an elemental strategy in which only a few of the most salient elements in the context are associated with the US.
The fact that intact rats might favor a configural representation of context is not surprising. Establishing configural representations or 'cognitive maps' appears to be the typical way mammals (particularly rodents) encode place representations, either for locating objects with in a particular place or to associate a place with a particular meaning. One could also imagine that a configural representation of contextual cues is more efficient than a series of elemental associations that hippocampal animals are believed to rely upon. The configural representations are information-rich in the sense that they not only contain all of the elemental information, but they also bind the elements together and allow for relational processing among the elements [11] .
In addition to the timing of permanent hippocampal lesions, the methodology by which hippocampal lesions are made appears to be important. Thus, we have found that electrolytic and excitotoxic DH lesions produce different outcomes with respect to the acquisition of contextual fear conditioning [49, 50] . As stated above, excitotoxic DH lesions made before training do not affect the acquisition of contextual fear conditioning. In contrast, pretraining electrolytic DH lesions produce modest impairments in contextual fear conditioning. Because electrolytic lesions produce damage to both DH neurons and axons passing through the hippocampus, these results reveal that extrahippocampal structures may be responsible for the contextual conditioning deficits often reported with electrolytic lesions or hippocampal aspirations. Moreover, Holland and colleagues [32] have recently found that while excitotoxic hippocampal lesions impair serial featurenegative discriminations, they do not impair the acquisition of serial feature-positive discriminations. These results contrast with those of Ross and colleagues [62] who found that hippocampal aspirations, which damage fibers of passage, impair feature-positive discriminations. Thus, the role for the hippocampus in contextual retrieval is further tempered by the fact that almost all of the aforementioned studies, with the exception of the studies by Holland [32] and Honey and Good [34] , used lesion techniques that disrupt both hippocampal and extrahippocampal systems.
Alternative methodologies
The problems with the type and timing of permanent hippocampal lesions illustrate the need for alternative methodologies to explore the role of the hippocampus in contextual retrieval. Profitable methods for focusing on the role of the hippocampus in retrieval might include analysis of hippocampal function using either neuroimaging methods in humans or electrophysiological techniques in animals. Both of these methods have provided insight into the role of the hippocampus in memory retrieval [8, 17, 64] , although they do not allow inferences of causality.
Another alternative for studying hippocampal function in animals is to reversibly inactivate the hippocampus during restricted phases of behavioral training or testing (e.g. Refs [12, 37] ). Many reversible lesion studies have made use of pharmacological agents such as muscimol, a GABA A agonist that greatly potentiates inhibitory synaptic transmission in the brain [27, 37, [41] [42] [43] [44] 48, 55] . Inactivation of discrete brain areas is obtained by intracranial microinfusion of small volumes (0.1-0.5 ml) of the inactivating agent into the brain region of interest [52] . Because these agents have a relatively short half-life (less than 6 h), animals can be subsequently tested in a functionally intact state within 24 h of inactivating a brain structure.
As noted above, a major problem with permanent lesion techniques is that they confound learning and retrieval processes. However, reversible lesions can circumvent this problem because they can be introduced during either the acquisition or retrieval phases of any particular behavioral task. Targeting particular phases of behavioral training or testing with reversible lesions is essential for achieving an understanding of the functional neuroanatomy of memory. With respect to examining the role for the hippocampus in contextual retrieval, this strategy would appear to be particularly amenable to an analysis of Pavlovian interference paradigms. For instance, Bouton [4] has described several Pavlovian interference paradigms (extinction, latent inhibition, counterconditioning, discrimination reversal learning, negative transfer, and learned irrelevance) in which contextual retrieval processes play an important role in behavioral performance. These retrieval processes can be isolated during extinction tests in which behavioral performance to a CS with a varied reinforcement history is measured in a target context. Bouton [4] has argued that the contextual cues present during testing reduce interference between the competing associative representations of a CS (for example, CS-'no event' and CS-US associations). In this way, contextual stimuli disambiguate the meaning of the CS and performance that is appropriate to the target context is obtained. Because these Pavlovian paradigms isolate a contextual retrieval process, they are ideally suited to studies involving reversible lesion techniques.
Hippocampus and contextual retrieval in latent inhibition
In the studies described below, we have taken advantage of this reversible lesion strategy to examine the role for hippocampal neurons in contextual retrieval processes operating in the latent inhibition paradigm. We have chosen to examine latent inhibition, because there are several studies to suggest an important role for the hippocampus in this form of learning [1, 2, 9, 25, 34, 38, 39, 53, 60, 66, 67, 77] . Moreover, Honey and Good [34] have provided evidence for a role of the hippocampus in the contextual-specificity of latent inhibition. Nonetheless, Honey and Good [34] did not isolate retrieval processes per se, nor did their permanent hippocampal lesions have temporal specificity in their experiments. We have overcome both of these problems as described in the experiments below [33] .
The first challenge in examining contextual retrieval is to define a behavioral design that isolates the retrieval process. Although latent inhibition is often characterized as a failure in associative or attentional processes that operate during conditioning, Bouton [4] has argued that latent inhibition represents a retrieval failure that results from interference between conflicting CS memories. That is, when CS preexposure and conditioning occur in the same context the CS-'no event' memory acquired during preexposure comes into direct competition with the CS-US association acquired during conditioning -the CS-'no event' memory acquired during preexposure proactively interferes with the excitatory CS association formed during conditioning. As a result, conditional responding to the CS is reduced. The fact that such interference regulates CR performance has been demonstrated by studies in which preexposure and conditioning occur in different contexts [7, 13, 76] . In these studies, CR performance is normal when extinction testing occurs in the conditioning context. Importantly, however, the CR is greatly diminished (or latently inhibited) when extinction testing occurs in the preexposure context. In this latter case, it appears as if the preexposure context retrieves the CS-'no event' memory, which consequently interferes with the expression of the CS-US memory acquired during conditioning. This illustrates that the expression of latent inhibition is context-specific. Although latent inhibition may also involve preexposure-related decrements in CS associability that operate during acquisition, these results reveal that contextual retrieval processes mediate the expression of latent inhibition during retrieval testing.
Because this sort of design appears to isolate retrieval processes in latent inhibition, we chose to apply it to the fear-conditioning paradigm that we use in our laboratory. In Pavlovian fear conditioning, a neutral cue, such as a tone (the conditional stimulus or CS), will come to evoke a learned conditional fear response (CR) if it predicts the occurrence of an aversive event, such as an electric footshock (the unconditional stimulus or US). The fear CR consists of a number of autonomic and somatic responses, including fear-potentiated startle, hypoalgesia, enhanced cardiovascular output, and freezing [15] .
In our first experiment, we examined whether the expression of latent inhibition in a conditional freezing paradigm was context-specific. As shown in Fig. 2 , two groups of rats (SAME and DIFF) were preexposed to a tone stimulus in one of two experimental contexts (contexts A and C) on each of 5 days; a third group of rats (NO PRE) were not exposed to the tone. Rats in the SAME and DIFF groups received a total of 150 tone exposures. In all groups, total exposure to each context was equated. After the preexposure phase, all rats were placed in a third experimental context (context B) in which they received five conditioning trials in which the auditory stimulus used during the preexposure phase was paired with a footshock US. After 1 day following conditioning all of the rats were returned to context A for conditional fear testing (excitatory fear CRs readily transfer across test contexts). In this retrieval test, the rats were placed in context A and, after 2 min, the CS was presented continuously for 8 min.
Freezing during the CS served as the measure of conditional fear. Note that context A was the same as the context of preexposure for one group of rats (SAME), but was different from the context of preexposure for another group of rats (DIFF). Thus, CR performance only should be low in the SAME group, insofar as context A retrieves a memory for the preexposure phase that competes with the CS-US memory established during conditioning. Fig. 3 . Context-specific expression of latent inhibition in a conditional freezing paradigm. Mean ( 9S.E.M.) percentage of freezing during an 8-min tone extinction test. Tone onset occurred at the start of the 3rd min of the test and is illustrated by the dark bar. Rats were tested in context A, which was either the same (SAME) or different (DIFF) from the context of tone preexposure; rats in the NO PRE group did not receive tone preexposure. Fig. 4 . Effects of hippocampal inactivation on the context-specific expression of latent inhibition. Mean ( 9 S.E.M.) percentage of freezing during a tone extinction test (collapsed across the 8-min test) in rats with hippocampal infusions of either muscimol or saline made prior to testing. Rats were tested in context A, which was either the same (SAME) or different (DIFF) from the context of tone preexposure.
preexposure. The pattern of results in rats infused with muscimol was much different. Rats infused with muscimol exhibited low levels of freezing independent of whether they were tested in the same or different context as preexposure. Thus, inactivation of the DH eliminated the context-specific expression of latent inhibition. Importantly, however, the muscimol rats still exhibited latent inhibition -they showed low levels of freezing that were comparable to those in the SAME-saline rats. Thus, it appears as if the memory for the CS-'no event' association acquired during the preexposure came to dominate CR performance independent of the test context.
Although these results are consistent with a role for DH neurons in contextual retrieval, it may be the case that muscimol inactivation prevented the rats from using contextual information per se, without having a specific effect on contextual retrieval. To test this hypothesis, we examined the effect of DH inactivation on a simple, non-conditional contextual discrimination. For this task, rats received unsignaled footshock in one of two distinct contexts; no footshock was delivered in the alternate context. As in Experiment 2, the rats were infused with either saline or muscimol before conditional fear testing. Conditional freezing was measured in each context (one context test on each of 2 days). Rats receiving either saline or muscimol infusions into the DH exhibited a reliable contextual discrimination (data not shown). Both groups of rats exhibited high levels of freezing in the context in which unsignaled shock was delivered, and low levels of freezing in the safe context. This indicates that muscimol inactivation of the DH does not prevent all forms of context processing.
Together, these results provide a strong demonstration that neurons in the hippocampus are necessary for contextual retrieval in the latent inhibition paradigm. As shown in Fig. 5 , we have conceptualized our data by suggesting that the hippocampus modulates the expression of latent inhibition via contextual retrieval of a CS-'no event' memory 4 . We imagine that the hippocampus allows context to regulate the expression of the CS-'no event' memory via an 'AND gate'. In the absence of a functional hippocampus, contextual retrieval cues cannot regulate expression of the CS-'no event' memory. As a result, expression of the CS-'no US' memory becomes context-independent and conditional responding to the CS is limited. Hence, rats with reversible hippocampal lesions behave as Hirsh would predict. Their performance is determined by the sum of their experiences with the CS, which in our experiments is heavily weighted towards a CS-'no event' memory as Fig. 3 illustrates the outcome of the retrieval test. As expected, rats in the NO PRE grouped exhibited robust freezing to the tone CS. However, the SAME rats, which were preexposed to the tone CS in context A, exhibited a markedly attenuated freezing CR. This decrement in the freezing CR was not simply as a result of a prior history of CS preexposure, because rats in the DIFF group exhibited high levels of freezing that were indistinguishable from that of the non-preexposed controls. Consistent with earlier reports, these results indicate that the expression of latent inhibition is context-specific. This outcome reveals that retrieval processes operating at the time of testing are important in regulating CR performance in the latent inhibition paradigm.
The fact that retrieval processes can be isolated in the latent inhibition paradigm makes it an ideal preparation for examining the role of the hippocampus in contextual retrieval using reversible inactivation techniques. In our second experiment, we did just this and examined whether hippocampal inactivation would affect the context-specific expression of latent inhibition. A total of 1 week prior to behavioral testing, the rats were bilaterally implanted with guide cannula aimed at the DH. The behavioral procedures were identical to those described above, except that we omitted the nonpreexposed group. A total of 45 min prior to the retrieval test rats were infused with either muscimol (0.5 mg in 0.5 ml) or physiological saline (0.5 ml) into the DH. As shown in Fig. 4 , rats in the saline groups exhibited the same pattern of results as obtained in the first experiment. That is, rats tested in the same context as preexposure exhibited lower levels of freezing than rats tested in a context that was different from that of a result of the comparatively large number of CS preexposure trials (150 preexposure trials vs five conditioning trials) the animals receive.
Caveats and an explanatory model
Although our data demonstrate a role for the hippocampus in contextual retrieval, there are several reports showing that rats with hippocampal lesions can perform the sorts of conditional operations thought to require this process. For example, rats with excitotoxic hippocampal lesions can acquire conditional discriminations, such as serial feature-positive discriminations [32, 36] or feature-ambiguous discriminations [19, 26] . In considering these results, however, it is important to bear in mind that these studies made use of permanent pretraining lesions of the hippocampus. As discussed above, rats may adopt different learning strategies or engage compensatory neural systems to mediate conditional learning in the absence of the hippocampus. We have evidence to support this view in the contextual fear conditioning paradigm [50] . In addition, Rudy and Sutherland [63] have recently argued that the critical neural circuitry for encoding the sorts of stimulus configurations or conjunctions essential to conditional learning tasks is not in the hippocampus, but rather in the cortex. They suggest that the hippocampus is involved in conditional learning insofar as it serves to enhance the salience of the stimulus conjunctions represented in cortex. While our latent inhibition data suggest that an intact hippocampus is required during testing to retrieve such stimulus conjunctions, it may be the case that rats with pretraining hippocampal lesions adopt a different neural system or retrieval strategy for this purpose.
Another experiment that has a direct bearing on the interpretation of our results was performed by Bouton and colleagues [73] . In this study, the investigators made electrolytic fimbria/fornix lesions prior to both conditioning and subsequent extinction of a Pavlovian bar-press suppression response (a fear conditioning procedure). Some of the rats received extinction training in the same context as conditioning, whereas other rats received extinction training in a different context. Following extinction, all rats were returned to the conditioning context and presented with the CS. Intact rats that had received extinction training in a context that was different from the conditioning context exhibited 'renewal' when they were tested for their fear of the CS in the conditioning context. In other words, they showed a high degree of response suppression (an index of fear) when the CS was tested in the conditioning context, despite the fact that response suppression had extinguished in the extinction context. This indicates that the ambiguous meaning of the CS (CS-US in the conditioning context and CS-'no US' in the extinction context) was disambiguated by a contextual retrieval process. In contrast with our latent inhibition results, however, they found that rats with fimbria/fornix lesions did not have a deficit in renewal. These data counter our conclusion that the hippocampus is necessary for the contextual retrieval processes that mediate context-specific expression of latent inhibition. However, it is important to note that Bouton and colleagues used fimbria/fornix lesions, which may have spared some aspects of hippocampal function [72] , and that they made the lesions prior to behavioral training. In view of our results indicating spared contextual learning in rats with pretraining hippocampal lesions [50] , it is reasonable to suggest that rats with hippocampal lesions may, under some conditions, use alternate strategies or neural systems for contextual retrieval.
The final issue that bears discussing is the role of the hippocampus in the acquisition versus the expression of latent inhibition. Because most studies have used permanent pretraining lesions of the hippocampus, there is a great deal of data indicating that hippocampal lesions impair the acquisition of latent inhibition [1, 2, 25, 34, 38, 39, 53, 66, 67, 77] . In other words, rats with hippocampal lesions tend not to exhibit attenuate conditional responding after preexposure to the to-be-CS. However, as we have presently shown, hippocampal Fig. 5 . A model of contextual retrieval in latent inhibition. We have elaborated Bouton's extinction model [5] to conceptualize contextual retrieval in latent inhibition. We imagine that a CS-'no event' association is acquired during preexposure and is only retrieved in the presence of the contextual stimuli that were associated with preexposure. Hence, an 'AND gate' is interposed between the CS and 'no event' representations and this gate allows contextual retrieval cues to regulate the expression of the CS-'no event' association. The expression of the excitatory CS-US association, which is acquired during conditioning, is context-independent. In the preexposure context, competition between the active CS-'no event' association and the CS-US association results in a suppression of the CS-US memory, favoring performance of the CS-'no event' memory. In this way, latent inhibition is only expressed in the context of preexposure. This allows for the expression of latent inhibition to be context-specific. We imagine that the hippocampus allows context to regulate the expression of the CS-'no event' memory via an 'AND gate'. In the absence of a functional hippocampus, contextual retrieval cues cannot regulate expression of the CS-'no event' memory. As a result, expression of the CS-'no US' memory becomes context-independent and conditional responding to the CS is limited. inactivation during retrieval testing does not impair the expression of latent inhibition per se -it merely eliminates the context-specificity of latent inhibition (see also Ref. [34] ). In our hands, rats without a functional hippocampus are indeed more likely to exhibit reduced conditional responding than intact rats, at least in contexts that are different from those of preexposure.
We suggest that this pattern of results indicates that there are at least two distinct learning processes in the latent inhibition paradigm that require the hippocampus. We posit that the first process, which has been targeted by most permanent lesion studies, consists of the acquisition of a CS-'no event' memory during the CS preexposure phase of latent inhibition training 5 . We suggest that rats with hippocampal lesions do not encode a CS-'no event' representation during the CS preexposure phase of training. Hence, they do not learn that the CS has no consequence or that the CS is 'insignificant'. The failure to form such a representation might be indexed by the failure of rats with hippocampal lesions to decrement their orienting response to the CS during preexposure [38] . Although we believe that the hippocampus is required to encode CS-'no event' associations, we propose that this representation is not stored in the hippocampus. The second hippocampusdependent process we posit for latent inhibition is contextual memory retrieval [4, 28, 68] , which functions to retrieve the CS-'no event' association (presumed to reside outside of the hippocampus 6 ) in the context of preexposure (see Fig. 5 ). As shown in Fig. 5 , hippocampal inactivation at the time of contextual retrieval removes contextual-gating of the CS-'no event' memory and allows this memory to be expressed in a context-independent fashion (diminished conditional responding is observed in all test contexts).
This two-process model of latent inhibition accounts for impairments in the acquisition of latent inhibition after pretraining hippocampal lesions and the preserved, yet context-independent, latent inhibition after hippocampal inactivation during retrieval testing. This model predicts that permanent hippocampal lesions made after CS preexposure, but before conditioning or retrieval testing, should eliminate the context specificity of latent inhibition without affecting the magnitude of latent inhibition per se. It also predicts that reversible inactivation of the hippocampus during CS preexposure should eliminate the acquisition of latent inhibition. Such experiments have yet to be performed.
Conclusions and future directions
The results of the latent inhibition experiments we have described provide strong evidence for hippocampal involvement in contextual memory retrieval. This conclusion is made much stronger by the fact that we used a reversible lesion technique together with a Pavlovian interference paradigm that isolates contextual retrieval processes. This strategy overcomes the problems associated with permanent, nonselective hippocampal lesions, which confound learning and retrieval and damage both hippocampal and extrahippocampal systems. Nonetheless, there are several important future directions for research in this area. First, as mentioned before, there are several Pavlovian interference paradigms (in addition to the latent inhibition paradigm) that require contextual retrieval for appropriate performance. Examining the impact of hippocampal inactivation during the retrieval phases of these paradigms is necessary to generalize the findings of our latent inhibition experiments. Moreover, our experiments rely upon a Pavlovian fear-conditioning paradigm in which conditional freezing as a behavioral measure. It is important, then, to extend our results to other Pavlovian responses, such as the appetitive CRs studied by Holland and colleagues [32] . Furthermore, it is necessary to determine if the hippocampus plays a general role in contextual retrieval, or if it is restricted to a subset of problems requiring this process, such as negative occasion setting [32] .
In conclusion, context has been demonstrated to be a strong modulator of performance of learned behavior in animals and humans. Several attempts have been made to examine the relationships among contextual retrieval and the hippocampus using associative learning models. And while inroads have been made, permanent lesions prior to training confound the effects of the lesions on encoding with their effects on retrieval processes. Use of reversible lesions, such as those induced by muscimol microinfusion, together with behavioral procedures that specifically target various stages of memory (i.e. encoding, consolidation, or retrieval) may yield a sharper picture of the functional architecture of memory systems 5 There are competing theories as to the nature of the information acquired during CS preexposure. Wagner [70, 71] holds that animals acquire context-CS associations that later block acquisition of the CS-US association. There is little evidence to support this view (e.g. Ref. [23] ). Others hold that CS preexposure reduces the attention directed to the CS, and therefore reduces its associability [47] . We favor the view [4] , that animals acquire a CS-'no event' association that later competes for performance with the CS-US association when preexposure and testing occur in the same context. 6 We assume that the CS-'no event' association resides outside the hippocampus despite the fact that the expression of this association is context-specific. We make this assumption because hippocampal inactivation disrupts the contextual specificity of this memory, without affecting its expression per se. The idea that an association can be context-specific yet reside outside the hippocampus has also been suggested by studies indicating that context-US associations (which are by nature context-specific) are stored outside of the hippocampus [78] .
